ABSTRACT -Multiple CO 2 capture and storage (CCS) processes are required to address anthropogenic CO 2 problems. However, a method which can directly capture and mineralize CO 2 at a point source, under actual field conditions, has advantages and could help offset the cost associated with the conventional CCS technologies. The mineral carbonation (MC), a process of converting CO 2 into stable minerals (mineralization), has been studied extensively to store CO 2 . However, most of the MC studies have been largely investigated at laboratory scale. Objectives of this research were to develop a pilot scale AMC (accelerated mineral carbonation) process and test the effects of flue gas moisture content on carbonation of fly ash particles. A pilot scale AMC process consisting of a moisture reducing drum (MRD), a heater/humidifier, and a fluidized-bed reactor (FBR) was developed and tested by reacting flue gas with fly ash particles at one of the largest coal-fired power plants (2120 MW) in the USA. The experiments were conducted over a period of 2 hr at ~ 300 SCFM flow-rates, at a controlled pressure (115.1 kPa), and under different flue gas moisture contents (2-16%). The flue gas CO 2 and SO 2 concentrations were monitored before and during the experiments by an industrial grade gas analyzer. Fly ash samples were collected from the reactor sample port from 0-120 minutes and analyzed for total inorganic carbon (C), sulfur (S), and mercury (Hg). From C, S, and Hg concentrations, %calcium carbonate (CaCO 3 ), %sulfate (SO 4 2-), and %mercury carbonate (HgCO 3 ) were calculated, respectively. Results suggested significant mineralization of flue gas CO 2 , SO 2 , and Hg within 10-15 minutes of reaction. Among different moisture conditions, ~16% showed highest conversion of flue gas CO 2 and SO 2 to %CaCO 3 and %SO 4 2-in fly ash samples. For example, an increase of almost 4% in CaCO 3 content of fly ash was observed. Overall, the AMC process is cost-effective with minimum carbon footprint and can be retrofitted to coal fired power plants (existing and/or new) as a post-combustion unit to minimize flue gas CO 2 , SO 2 , and Hg emissions into the atmosphere. Used in conjunction with capture and geologic sequestration, the AMC process has the potential to reduce overall cost associated with CO 2 separation/compression/transportation/pore space/brine water treatment. It could also help protect sensitive amines and carbon filters used in flue gas CO 2 capture and separation process and extend their life.
INTRODUCTION
Coal reserves are crucial for providing global energy needs. However, flue gas emissions from coal-fired power plants are a major source for the release of anthropogenic CO 2 into the atmosphere. Concurrently coal-fired power plants also generate significant quantities of solid residues (e.g., fly ash particles) as by-products. Increasing anthropogenic CO 2 levels in the atmosphere are raising concerns over climate change and global warming. In addition to CO 2 emissions, release of trace amounts of flue gas SO 2 and Hg into the atmosphere are also critical air quality concerns.
To address the anthropogenic CO 2 problems, multiple CO 2 capture and storage (CCS) processes are proposed (IPCC, 2007; Pacala and Socolow, 2004; Charles, 2009) . As a result different CO 2 capture technologies and storage processes are under evaluation. The CO 2 capture technologies include membrane separation technologies, sorbent technologies involving pressure or temperature swing processes, and the use of solvents such as monoethanolamine (Herzog, 2009; Reynolds et al., 2005; Atimay, 2001; Kintisch, 2007) . The CO 2 storage processes include subsurface pressure injection into geologic strata and saline, oil, and gas reservoirs. Mineral carbonation (MC), a process of converting CO 2 to stable minerals (mineralization), is also studied extensively to store CO 2 . Among these CO 2 storage processes, mineral carbonation is an ideal approach to store CO 2 on a geological time scale (Lackner, 2003) . However, these CO 2 capture technologies and storage processes have limitations for widespread practical use due to the requirement of separation of CO 2 from flue gas, compression of CO 2 , and transportation of CO 2 to a site where it can be safely stored or used for mineral carbonation process (Reddy et al., 2010) . Furthermore, CO 2 separation and capture technologies are limited by the flue gas SO 2 , because SO 2 is known to affect the performance of amine solvents (Supap et al., 2006) . In addition to flue gas CO 2 and SO 2 , the Hg emissions from coal-fired power plants also received considerable attention in recent years (Lopez et al., 2003; Sullivan et al., 2006) . Here we show evidence suggesting that significant quantities of flue gas CO 2 as well as SO 2 and Hg can be directly captured (without separation) and mineralized by the fly ash particles under actual field conditions. In a natural chemical weathering process, carbonic acid, which results from the interaction of atmospheric CO 2 and rain water, will convert alkaline earth minerals to carbonate minerals. Similarly, alkaline solid wastes (e.g., fly ash) also carbonate naturally. Reddy et al. (1986) were the first to study aqueous mineral carbonation (AQMC) process by bubbling CO 2 through alkaline solid waste slurries resulting from the extraction of hydrocarbons from oil shale. However, AQMC of alkaline solid wastes is a slow process; hence accelerated mineral carbonation (AMC) process was proposed (Reddy et al., 1991; Reddy et al., 1994) . Subsequently, several studies explored different alkaline solid wastes [e.g., coal fly ash/bottom ash, clean coal technology (CCT) ash, municipal solid waste (MSW) incinerated fly ash/bottom ash, oil shale ash, steel slag, medical solid waste incinerated ash, paper mill ash, and cement kiln dust] and natural minerals (e.g., calcium, iron, and magnesium silicates) for CO 2 mineralization. In a recent study, Dellantonio et al. (2010) also articulated the role of coal combustion residues in sequestration of CO 2 .
Chronological development of AQMC and AMC processes of industrial solid wastes and natural minerals were published elsewhere (Tawfic et al., 1995; Reddy, 2000; Meima et al., 2002; Ecke et al., 2003; Fernandez et al., 2004; Huijgen et al., 2005; Baciocchi et al., 2006; Costa et al., 2007; Gerdemann et al., 2007; Zevenhoven et al., 2008; Perez-Lopez et al., 2008; Montes-Hernandez et al., 2009) . Since AQMC and AMC processes were proposed most of the CO 2 mineralization studies have been largely conducted at laboratory scale. Reddy et al., (2008 and 2010) were the first to test the AMC process to determine the possibility of simultaneous capture and mineralization of actual flue gas CO 2 , without separation, using fly ash particles under coal-fired power plant conditions. These preliminary studies were conducted to test the "proof of concept". In these studies flue gas was directly reacted with fly ash particles in fluidized-bed reactor over a period of 120 minutes. However, temperature and moisture content of the flue gas was not controlled during the reaction. Results from these studies suggested that significant amounts of flue gas CO 2 (~30% reduction in flue gas CO 2 ), SO 2 and Hg can be mineralized within first few minutes of reaction. However, further studies were needed to test the effect of flue gas moisture content on the AMC process. Also, scale-up design studies were required to integrate into a power plant process.
The objectives of this research were to 1) develop a pilot scale study for further testing to determine the feasibility of proposed the AMC process, 2) determine the effect of temperature and moisture content of flue gas on the AMC process, 3) evaluate cost-economics of the AMC process and its potential benefits to CCS processes, and 4) determine the significance of coal combustion ash in mineralization of flue gas CO 2 . The pilot tests of the AMC process were conducted at Jim Bridger power plant (JBPP), Point of Rocks, Wyoming. The JBPP burns an average of 21,772 tonnes of coal per day using four units to produce 2120 MW. All pilot scale experiments were conducted in the Unit two ash hopper building.
MATERIALS AND METHODS
Based on the preliminary studies, we designed and developed a pilot scale AMC process skid to capture and mineralize flue gas CO 2 . The AMC pilot process consists of three process vessels (Fig. 1) -a moisture reducing drum (MRD) (0.9 m Φ × 1.8 m), a heater/humidifier (0.9 m Φ × 1.8 m), and a fluidized-bed reactor (FBR) (0.9-1.2 m Φ × 3.7 m). Flue gas was withdrawn from the stack (after power plants wet scrubber process of removing SO 2 ) and was fed to the MRD at about 0.094 m 3 /s. The MRD and the heater/humidifier pretreat flue gas before it enters the FBR. The MRD captures droplets of water entrained in the flue gas to protect the blower placed between the MRD and the heater/humidifier. The heater/humidifier enables control of flue gas moisture and temperature. The reactor's top inlet was connected to the fly ash hopper to deliver a required amount of fresh ash into the reactor. The fly ash particles were fluidized by flow of flue gas through a distributor plate in the FBR, ensuring proper mixing and good contact between the fly ash particles and the flue gas. A perforated plate (2.39 × 10 -3 m Φ holes) was placed above the distributor plate to minimize collection of ash below the distributor plate. A control valve and a pressure transmitter were used to set the pressure inside the FBR. A particulate removal cyclone in the reactor separated fly ash particles from the exiting flue gas. The pressure drop across the distributor plate, the fluidized bed, and the cyclone were measured by differential pressure transmitters. The temperature at various points inside the humidifier and the reactor were measured by thermocouples. The vessels and piping connecting them are insulated to minimize heat loss through the walls and prevent moisture condensation. The flue gas was continuously monitored by an industrial grade multi-gas analyzer (HORIBA VA-3000). It was connected to the inlet and outlet lines to monitor the real-time concentration of CO 2 , NO x , and SO 2 in the flue gas. We conducted seven test runs to study the AMC process. The experimental conditions of the seven test runs are summarized in Table 1 . The flue gas temperature in the reactor was a function of the temperature of the ash received from the plant hopper and the temperature of the flue gas entering the reactor. The humidifier was set at 323 K for first 2 experiments but it attained higher temperatures due to heating of the flue gas as it passed through the blower. The five subsequent runs had constant flue gas temperature and moisture. This was accomplished by regulating the incoming and outgoing water through the humidifier in order to keep the temperature constant. The pressure was 115.1kPa and flow rate was ~300 SCFM. Experiments were conducted from 0-120 minutes. The process water in the humidifier before and after pumping flue gas was analyzed for pH and major and trace element concentrations. The pH was analyzed with Thermo Orion 5 Star pH portable meter. The major and trace elements were analyzed with inductively coupled plasma mass spectrometry (ICP-MS). The anions were analyzed with ion chromatography (IC). Fly ash samples were collected from the reactor sample port over a period of 0-120 minutes. Control and treated fly ash samples were analyzed for total inorganic carbon (C), sulfur (S), and mercury (Hg). Carbon and sulfur were analyzed using a CE Elantech EA 1112 elemental combustion analysis. Mercury was analyzed by an Agilent 7500ce ICP-MS. From C, S, and Hg concentrations, %calcium carbonate (CaCO 3 ), %sulfate (SO 4 2-), and %HgCO 3 were calculated, respectively. Flue gas was measured using an industrial grade Horiba multi-gas analyzer as described earlier. Control flue gas was sampled and analyzed for approximately 15 minutes after the each experiment was completed. An average of these 15 minutes was used as the control for CO 2 , SO 2 and NO x . Treated flue gas was sampled from the outlet piping, just downstream the reactor vessel. Since the analyzer cannot sample two samples at once, we had to manually switch the analyzer between treated and control flue gas.
In order to estimate the costs associated with a full-size reactor, the capital investment and operating costs of the pilot reactor were first estimated. The total capital investment for the pilot reactor was estimated using the Percentage of Delivered-Equipment Cost method which uses the delivered equipment costs as a basis for estimating total capital investments (Peters et al, 2004) . The operating cost for the pilot reactor were estimated using cost data gathered from the operation of the pilot reactor and industry standards for this type of chemical process. This information was combined with depreciation rates developed from the capital investment analysis to determine total production costs with depreciation. The capital investment and operating cost estimates for the pilot reactor were than scaled up to a full-sized reactor using the six-tenths factor rule (Peters, 2004) . This information was used to develop a simple spreadsheet model to conduct a break-even analysis of the process. The data from the break-even analysis was then incorporated into a cash flow model to consider the financial feasibility of the process in terms of the time value of money.
RESULTS AND DUSCUSSION
The chemical and physical properties of flue gas and fly ash samples are presented in Table 2 . Flue gas from Jim Bridger power plant contains mostly nitrogen (~66-70%), oxygen (~10-20%) and CO 2 (~12-14%). Other notable constituents were SO 2 (~105-120 ppmv), NO x (~100-120 ppmv), pH (3.33) and temperature (~37-60°C). The flue gas pH was measured in the field using a design consisting of 0.00025 m 3 (250 ml) conical flask with a pH probe (Thermo Orion 5 Star pH portable meter). Before the measurement, the pH probe was calibrated using standard buffer solutions following the procedures of the manufacturer. Approximately 0.00015 m 3 (150 ml) of distilled deionized water was placed in the flask and flue gas, before entering the fluidized-bed reactor, was bubbled through the flask. The pH was monitored for several minutes and recorded when it was stabilized (Viswatej, 2009 ). The fly ash samples consists of mainly oxides, quartz and amorphous silicate phases of Al, Ca, and Mg and a high pH of over 12 (Viswatej, 2009 ). Average fly ash particle size is around 40 micrometers. The CaCO 3 content is <0.1%. However, when we analyzed fresh fly ash samples from the hopper the %CaCO 3 content was ~1%. We attribute this due to uptake of a small amount of atmospheric CO 2 to rapid cooling of fly ash to the outside temeperature during the sample collection process. The carbonate phases, including calcite (CaCO 3 ), were not detected in control samples. Formation of oxides and silicates require high temperatures and such temperatures are commonly attained in the coal combustion unit. The alkaline pH of fly ash is attributed to the hydration of oxides and silicate minerals. During the coal combustion process, CO 2 is driven off leaving behind a residue (ash) with oxide and silicate phases. When these phases react with water, the resulting aqueous extract's pH will be highly alkaline. The effect of flue gas pumping on the chemistry of water in the humidifier is shwon in Table 3 . Table 3 . The chemistry of water in the humidifier before and after reacting with flue gas. Values in the prenthesis are after flue gas reaction. Other trace elemnts or anions were below the detection limit. Units mg/L. Pilot scale AMC process experimental results suggested that among different temperature conditions, 60 º C, which had ~16 mole% moisture, showed highest mineralization of flue gas CO 2 and SO 2 . The %CaCO 3 in fly ash samples increased to 3.7-4% ( Fig. 2 ) with in few minutes of reaction. The CO 2 capture and mineralization capacity of the ash in the reactor is not fully diminished even after 1.5-2 hours of reaction. These pilot scale studies suggest that significant amounts of flue gas CO 2 can be directly captured (without separation) and mineralized into carbonates by the fly ash particles. The AMC process also mineralized flue gas SO 2 with in few minutes of reaction (Fig. 2) . These findings are in agreement with recent AMC preliminary results reported by Reddy et al., (2010) . In these preliminary experiments, flue gas CO 2 and SO 2 concentrations decreased from 13.0 to 9.6% (~30% reduction) and from 107.8 to 15.1 ppmv, respectively during the first few minutes of reaction. These studies, based on the formation of different carbonate minerals and oxide content (Al, Ca, Fe, Mg, K, and Na) of JBPP fly ash (Table 2) , estimated 207 kg of CO 2 mineralization per tonne of fly ash. The flue gas CO 2 and SO 2 mineralization by the fly ash particles can be explained by the following reactions (here we used CaO as an example):
CO 2 (g) (flue gas) + H 2 O (moisture in flue gas) ↔ H 2 CO 3 º (carbonic acid) 
If we combine equations 1-3, the overall reaction is:
CO 2 (g) (flue gas) + CaO (fly ash) ↔ CaCO 3 (calcite) 
If we combine reactions 5-7, the overall reaction is:
SO 2 (flue gas) + CaO (fly ash) ↔ CaSO 4 (anhydrite)
The pilot scale AMC process also mineralized flue gas Hg. The data for 25-58ºC test suggested that HgCO 3 in fly ash samples increased to 0.4 mg/kg within few minutes of reacting with flue gas (Fig. 4) . The results shown in Fig. 4 further suggest that the AMC process continues to mineralize flue gas Hg even after 90 minutes of reaction. We believe that mercury in flue gas oxidizes to Hg 2+ and mineralizes to HgCO 3 on fly ash particles. The preliminary AMC studies suggested (Reddy et al., 2010) that Hg in control samples was found in exchangeable (EX, 78%), water soluble (WS, 16%), residual (RS, 5%) fractions, and non-detectable in carbonate (CBD) and/or oxide (OXD) bound fractions. Following a brief flue gas reaction the Hg disposition shifted to oxide bound (33%), carbonate bound (27%) and residual fraction (23%). These results suggest that part of the Hg in flue gas was precipitated as carbonate in fly ash (Reddy et al., 2010) . Our findings also agree with other published research (Piwoni and Keeley, 1996) . For example, studies have shown that precipitating pollutants (e.g., Hg, Cd, Cu, Pb) in air pollution control residues as carbonates (e.g., HgCO 3 ), through carbonation process, drastically reduces their toxicity and leaching potential (Walton et al., 1997; Van Gerven et al., 2005) . 
ECONOMIC ANALYSIS AND BENEFITS TO CCS PROCESSES
A preliminary economic analysis of the AMC process for 90% capture from a 532 MW power plant yields a mineralization cost of about $11/tonne CO 2 (Fig. 5) at a mineralization capacity of 207 kg CO 2 /tonne fly ash (Christensen, 2010) . The mineral carbonation process can reduce the pore space requirement for geological sequestration for a given quantity of CO 2 emission. For example, a modern commercial 500 MW coal power plant generates about 3 million metric tons of CO 2 per year. If 30% removal (0.9 million metric tons) is achieved by the AMC process as seen in the preliminary studies, the rest of the 2.1 million metric tons of CO 2 can be removed by utilizing a geologic formation. This may translate to roughly 30% reduction in pore space requirement for geologic sequestration. This coupled with 30% reduction in separation, compression, transportation, and produced water treatment costs can amount to substantial savings in CO 2 sequestration costs. If the plant life is assumed to be 30 years, the required aquifer pore volume is about 7.7 trillion cu. ft. (Ehlig-Economides and Economides, 2010) , assuming an aquifer exists in the vicinity of the plant with 20% porosity, 100 md permeability and 100 ft thickness at a depth of 6000 ft and the aquifer is pressurized not more than 100 psi over initial aquifer pressure. 30% reduction in pore space in this case would be a substantial volume ~2.3 trillion cu. ft. Since the AMC process captures and mineralizes SO 2 , it could also help protect and extend life of sensitive amines and carbon filters used in flue gas CO 2 capture and separation process. The availability and potential of coal combustion ash to mineralize flue gas CO 2 were examined. The wt% of oxides in bituminous ash, sub-bituminous ash, lignite ash, and other industrial residues was gathered from published data. The coal ash that is available in US landfills since 1966 was also estimated as a potential material to mineralize anthropogenic CO 2 (Coal Ash Facts, 2010). Coal-fired power plants annually produce about 122 Mt of ash. Of this 35-40% is used for beneficial purpose (e.g., construction). However, if we use total 122 Mt, based on average oxide content of fly ash resulting from three coal types (Table 4) , we could annually mineralize ~41 Mt of flue gas CO 2 . In addition, published information over 40 years suggests that coal-fired power plants in US alone produced approximately 3 Gt of total ash (Table 5) . Of this total ash about 810 Mt was used for beneficial purposes. Remaining 2.19 Gt of ash was disposed in landfills. This is a significant of amount of ash which could potentially be used for flue gas CO 2 mineralization. Based on average oxide content of three coal tyes (33.6%), we estimate that the 2.19 Gt of ash which is available in landfills could potentially mineralize ~730 Mt of flue gas CO 2 . The physical and chemical properties of the ash, amount that is available and close proximity of the landfills to power plants make these materials very attractive for CO 2 mineralization. Furthermore, use of fly ash materials for CO 2 mineralization process could also enhance their overall beneficial uses including for construction as an additive to concrete, reclamation of sodic soils (~30% of global soils are sodic in nature), and as a containment material for sites contaminated with organic and inorganic pollutants. The data presented here suggest that significant amounts of flue gas CO 2 from coal combustion process can be instantaneously captured (without separation) and mineralized by the fly ash particles using the AMC process. To our knowledge, this is the first research project which demonstrated simultaneous captured and mineralization of flue gas CO 2 and other volatile species from coal combustion flue gas under actual field conditions. This process is significant and can be a part of near-term partial CO 2 capture strategy as suggested by a recent study (Herzog, 2009 ). According to this study, the advantages of partial CO 2 capture strategy are as follows: 1) easier incremental technology change, 2) reduced capital cost, and 3) acceleration of large-scale deployment of full capture process by generation of technical and operating knowledge required for full capture.
CONCLUSIONS
We conducted the AMC pilot scale experiments, under field conditions, to directly capture and mineralize coal-fired power plant flue gas pollutants (e.g. CO 2 , SO 2 , and Hg) using fly ash particles. Results show that flue gas components can be directly mineralized (without separation) by the fly ash particles using the AMC process. The proposed AMC process mineralized significant amounts of flue gas CO 2 , SO 2 , Hg within few minutes of reaction. The moisture content of flue gas reacting with fly ash particles appears to be the most important factor in mineralization of CO 2 , SO 2 , and Hg. The data presented here suggest that flue gas CO 2 from coal combustion process can be directly captured (without separation) and mineralized by the fly ash particles using the AMC process. To our knowledge, this is the first research project which demonstrated direct capture and mineralization of flue gas CO 2 and other volatile species from a point source under actual field conditions. Since the AMC process captures and mineralizes SO 2 , it could also help protect and extend life of sensitive amines and carbon filters used in flue gas CO 2 capture and separation process. Our research findings are significant, timely, and useful to environmental science and engineering disciplines, industry, government, and policy makers. Further studies are underway to install ash conveying system to control ash residence time and optimize moisture content, temperature, and reaction time to improve the flue gas CO 2 mineralization capacity by fly ash particles. Such information will help to integrate AMC process into a coal-fired power plant process.
